Inhibition and enhancement of the fluorescence from embedded fluorescent defects in colloidal crystals (CCs) is demonstrated. The embedded defects, which are verified by the passbands and scanning electron microscope images, are fabricated inside the CCs by employing two-photon polymerization of allyl-fluorescein (allyl-FL) doped photoresist. The fluorescence image is indistinct when the photoluminescence band of allyl-FL locates at the photonic stopband. However, a bright fluorescence image is observed when the photoluminescence band is located at the photonic stopband edge. The inhibition and enhancement in fluorescence is ascribed to the manipulation of the spontaneous emission of the allyl-FL by the photonic stopband, which is verified by the fluorescence spectra of the allyl-FL infiltrated in the CCs with different photonic stopbands. This study will be prospective in bio-imaging and miniature lasers. † Electronic supplementary information (ESI) available: Materials, experimental section, absorption and uorescence spectra of allyl-FL, and SEM images of the CCs with different microsphere diameters. See
Introduction
Colloidal crystals (CCs) are three dimensional photonic crystals, in which the propagation of photons within a certain frequency band is forbidden due to Bragg diffraction, resulting in the formation of a photonic stopband. 1, 2 Numerous potential applications have been explored by utilizing photonic stopbands of the CCs, including low-threshold lasers, [3] [4] [5] sensors, 6, 7 batteries, 8 solar cells, 9 ultrasensitive detection, 10 anti-counterfeiting, 11 and displays. 12 Well-designed and controllably positioned defects in CCs are oen required to achieve these purposes. The introduction of articial defects in the CCs could tailor the optical properties by creating optical states in the photonic stopbands, which is analogous to the function that semiconductors do with electrons. Great efforts have been made in the controlled incorporation of articial defects inside the CCs. [13] [14] [15] [16] [17] [18] [19] Two-photon polymerization (TPP) is a versatile topdown method for the controlled insertion of designed defects into a CC with high resolution and precise position, in which the photochemical process is conned to a focal volume of the order of the cube of the excitation wavelength. 20 Rinne et al. have created designed defects in an opal CC via TPP, and demonstrated the waveguiding properties aer silicon replication. 21 Nelson et al. have fabricated embedded defects with excellent lattice registration and precise placement in the CC, and found the dependence of optical properties on the placement of the defects in the CCs. 22 Lange et al. have created threedimensional uorescent defects inside inverse opal CC, and demonstrated the connement of the uorescence emission by the photonic stopband. 23 Although inhibition of spontaneous emission has been observed in the localized defects in colloidal crystals, uorescence enhancement of the embedded uorescent defects still remains a big challenge. The absence of uorescence enhancement will not only limit the comprehensive understanding of light-matter interaction in CCs, but also hinder the application of CCs in novel optical devices, for example miniature laser.
In this paper, we have demonstrated inhibited and enhanced uorescence of the embedded defects by the incorporation of designed uorescent defects in CCs with different photonic stopband. Embedded uorescent microstructures were fabricated inside poly(St-MMA-AA) CCs with different photonic stopband via TPP using allyl-uorescein (allyl-FL) doped photoresist. 24 Manipulation of the uorescent images were obtained by modication of the emission characteristics of the dye in the embedded features based on the different overlapping of the uorescence and the photonic stopband. The uorescent image manipulation was attributed to the uorescence engineering of the dye molecules by the photonic stopband of the CCs. This study not only helps the understanding of the light-matter interaction in CCs, but also provides the prospective in achieving novel optical applications, such as cell imaging, and miniature lasers.
Results and discussion
Embedded uorescent features were fabricated in the CCs via TPP of allyl-FL doped liquid photoresist. First, poly(St-MMA-AA) CCs were self-assembled from monodisperse microspheres on glass substrates via vertical deposition method according to previous procedure. 25 Second, CCs were inltrated with allyl-FL doped photoresist by dropping 0.1 mL of SCR500 doped with allyl-FL on a sandwiched structure, which was constructed by covering a piece of glass slide assembled with CC on another piece of glass slide that xed on a piezostage (Scheme 1(a)-1). Wherein, capillary force drew the photoresist into the void space. Allyl-FL doped photoresist was prepared by mixing allyl-FL and commercial photoresist SCR500, which was selected considering the good chemical stability of poly(St-MMA-AA) CCs in it. Third, TPP was performed by using a femtosecond laser beam (center wavelength of 780 nm, pulse width of 80 fs, and repetition rate of 82 MHz), which was focused into the inltrated photoresist to make 3D scans according to programmable designs, resulting in polymerization of 3D microstructures with dye simultaneously doped inside the polymer (Scheme 1(a)-2 and (b)). 26 The laser power was xed at 20 mW, and the scanning speed was 22 mm s À1 . Finally, the polymerized features were le in the CCs as embedded uorescent defects, while the unpolymerized photoresist was washed out with ethanol (Scheme 1(a)-3).
Optical properties of allyl-FL doped polymer lm were evaluated by measuring the absorption and uorescence spectra, as shown in Fig. 1(a) . The allyl-FL doped polymer lm showed maximum absorbance at the wavelength of 462 nm, and exhibited uorescence peak at the wavelength of 533 nm with a shoulder peak at 552 nm. Compared with the chloroform solution of allyl-FL ( Fig. S1 , ESI †), there is a red-shi of 8 nm for the uorescence spectrum, but the absorption spectrum of the allyl-FL doped polymer remains the same. The inset of Fig. 1(a) exhibited the molecular structure of allyl-FL, in which the uorescein was modied by introducing a bulky allyl group into the molecular structure. This design would result in the improved solubility of the dye in photoresist, and suppression of the aggregation of the dye molecules aer doping in polymer. 3, 27, 28 Reectance spectra of the CCs were derived in normal incidence to the substrate to evaluate the photonic stopband. As shown in Fig. 1(b) , reected bands were located at the wavelength of 525, 542, and 590 nm, indicating the (111) planes photonic stopband of the CCs with diameters of 210, 220, and 240 nm (donated as CC 525nm , CC 542nm , and CC 590nm ). The maximum reectivity of the CCs was determined to be 76%, 77%, and 76%, respectively, on a UV-Vis-NIR Spectrophotometer (Carry 5000, Varian) by using commercial polytetrauoroethylene plate as the reference. Due to Bragg diffraction, the CCs displayed bright iridescent colours from cyan to orange, indicating the long-range ordered stack of the CCs, which was further veried by the scanning electron microscope (SEM) image of the CC 525nm , as shown in the inset of Fig. 1(b) . Consequently, the high-quality of the CCs was conrmed by the well-ordered hexagonal structure, high reectivity and bright iridescence. By varying the size of poly(St-MMA-AA) microspheres, the relationship of the photonic stopband of the CCs and the uorescence band of the allyl-FL doped polymer is overlapping or partial overlapping. The overlapping of the photonic stopband and the uorescence band is of great importance to manipulate spontaneous emission of dye molecules. Therefore, the uorescence of the allyl-FL is expected to be considerably modied by the CCs. 29 Fluorescence engineering of allyl-FL by the CCs was demonstrated by tailoring the overlapping of the photonic stopband and the uorescence band for allyl-FL inltrated CCs. The inltration was achieved by soaking the CCs in ethanol solution of allyl-FL, and dried in air. Fig. 1 (c)-(e) show the uorescence spectra of the allyl-FL incorporated in the CCs. As plotted in Fig. 1(c) , a trough at 525 nm occurs on the uorescence spectrum for the CC 525nm , which is located at the photonic stopband of the CC 525nm , indicating the inhibition of the spontaneous emission by the photonic stopband due to the good overlapping of the uorescence band and photonic stopband. Meanwhile, the overall uorescence intensity of the allyl-FL molecule was reduced in the CC. Similarly, for the CC 542nm shown in Fig. 1(d) , the uorescence spectrum also reveals the suppression of the spontaneous emission by the CC. Although there is also a drop on the uorescence spectrum, the wavelength of the dip is red-shied, which is attributed to the red-shi of the photonic stopband. Besides, the uorescence intensity in CC 542nm is about 1.5 times larger than that of CC 525nm . However, for the CC 590nm in Fig. 1(e) , both attenuation and enhancement of the spontaneous emission are simultaneously observed on the uorescence spectrum. The attenuation of the spontaneous emission is veried by the evident drop of the uorescence intensity at 580 nm. Whereas, the enhancement of the uorescence emission is conrmed by the fact that the emission intensity at 550 nm is higher than that at 525 nm, since the former is lower than the latter for allyl-FL, as shown in Fig. 1(a) and S1. † The emission enhancement occurs on the blue side of the photonic stopband, which could be attributed to the band edge effect of the CCs. 3, [30] [31] [32] [33] [34] [35] The modication of the CCs on the spontaneous emission of the allyl-FL inltrated in the CCs suggests that uorescent intensity of the embedded uorescent defects would be affected by the CCs.
Articial localized defects without allyl-FL were incorporated in the CCs via TPP of SCR500. Fig. 2(a) illustrated the introduction of planar defects in the CCs at different positions. To demonstrate the ability to create embedded defects inside the CCs, rectangular microstructures with the same position of the planar defects (50 mm Â 50 mm Â 1 mm) were fabricated with 3/4 inside the CC, while the other 1/4 suspended on the edge of the CC. To do this, the laser focus was controlled to move from inside of the CC to the space outside of the CC. Consequently, the embedded feature was produced inside the CC, while the other part on the edge of the CC. SEM images showed that rectangular features were successfully incorporated into the CCs with different positions (Fig. 2(b)-(d) ). It's clear that the CCs almost retained the ordered structure aer experiencing the photoresist inltration, TPP fabrication of embedded defect, and subsequent development in ethanol, indicating the stability of the colloidal crystals during the incorporation of embedded defects. For the upper, middle and bottom defects, the rectangular features are precisely located at the positions of upper surface, center and bottom of the CCs, respectively. The optical properties of the CCs with and without embedded defects were investigated by measuring the reection and transmittance spectra. Compared to the bare colloidal crystals, the embedded defects effectively broke the translational symmetry of the colloidal crystals, and resulted in a pronounced dip in the reectance spectra (black arrow) or obvious peak in the transmittance spectra as shown in Fig. 2(e) , indicating the introduction of a propagation state in the photonic stopband. The emergence of the propagation state suggests the appearance of defect mode in the CCs. It's worth noting that the defect mode is signicantly inuenced by the position of the embedded defects. The values of R dip /R peak (the ratio of reectance of the dip and peak value) for upper, center and bottom defects are 0.84, 0.49 and 0.74, respectively. Obviously, the defect mode is much more pronounced for embedded defect located at the center position of the CC than that located at the upper and bottom positions of the CCs. The position dependence of the defect mode is similar to the previous report. 22 In the following part, embedded uorescent defects were incorporated into the center location of the CCs to further investigate their uorescent characteristics.
Embedded uorescent defects were incorporated in the CCs via TPP of allyl-FL doped SCR500. Fig. 3(a) shows SEM image of the microstructure fabricated in the CC. The rectangle structure was expanded and suspended from the edge of the CC, at the center of the CC. Furthermore, the embedded uorescent defect was also conrmed by the optical microscope and confocal uorescence microscope images. In optical microscope image, not only suspended feature, but also embedded defect can be recognized in Fig. 3(b) . The embedded defect can be further veried by a confocal uorescence microscope image, as presented in Fig. 3(c) . The uorescent image reveals a recognized uorescent rectangle microstructure by comparing to the background with negligible uorescence. The uorescence brightness of the embedded feature is much weaker than that of the suspended defect, because only void space, i.e. 24% of the CC, is occupied by the polymerized uorescent photoresist for the embedded defect. Moreover, the embedded defect is conrmed by the uorescence intensity prole of the uorescent feature, as shown in Fig. 3(d) . Fluorescence intensity of region 2 is only one-third of that for region 3, while it is 4 times of that for region 1 and 4. The uctuation of uorescence intensity in region 2 is observed and attributed to the different uorescent property of the microsphere and the dye-doped polymerized feature. Consequently, embedded uorescent defects can be successfully constructed inside the CC via TPP of allyl-FL doped photoresist, which is veried by SEM, optical microscope and confocal uorescence microscope images.
Inhibition and enhancement of uorescence for the embedded uorescent defects was further demonstrated by investigating the uorescent imaging characteristics of the embedded uorescent defects in the CCs. Although the inhibition of the uorescent image of embedded defects in CCs has been observed elsewhere, 23 the uorescence enhancement of the uorescent image has not been reported yet, which will facilitate the investigation of bioimaging and miniature lasers. In our experiment, embedded character "A" was fabricated inside the CCs with different photonic stopband via TPP, and optical and uorescent images of the embedded defects were explored. Fig. 4 shows the optical microscope and confocal microscope images of the embedded character "A". In transmittance mode, similar images of the character "A" were observed in the CCs. The feature in CC 590nm is much distinct than that in CC 525nm and CC 542nm , due to the larger void in the CC 590nm . However, the uorescent images of the embedded characters are quite different for the CCs with varied photonic stopband. Only indistinct uorescent image is recognized for the embedded feature in the CC 525nm , while bright uorescent images can be observed for the features embedded in the CC 542nm , and CC 590nm , respectively. The difference in confocal microscope images is mainly attributed to modied spontaneous emission by the photonic stopband. [36] [37] [38] As shown in Fig. 1(c) and (e), the uorescence of allyl-FL is inhibited and enhanced in the CC 525nm and CC 590nm . As a result, the uorescent image of the embedded character is faint in the CC 525nm due to the inhibition of the uorescence by the photonic stopband. Nevertheless, the uorescent image of the embedded character is bright in the CC 590nm , which is attributed to the enhancement of the uorescence by the photonic stopband edge effect. Consequently, embedded uorescent defects in CCs are capable of trapping light, and hold great prospect for optical applications.
Experimental
Embedded defects were fabricated via TPP by employing a mode-locked Ti:Sapphire laser (Tsunami, Spectra-Physics), which was tightly focused by an oil-immersion objective lens (N.A. ¼ 1.45, 100Â, Olympus). To demonstrate the ability to precisely incorporate defects inside CCs with different thickness, rectangular microstructures were fabricated with 3/4 inside the CC, while the other 1/4 suspended on the edge of the CC. Planar defects (50 mm Â 50 mm Â 1 mm) were constructed inside CCs with the same position of the rectangular microstructures to characterize the defect mode. Embedded uorescent rectangle and character "A" was fabricated inside the CCs with different photonic stopbands to explore the uorescent images.
Absorption and uorescence (FL) spectra were collected using a Shimadzu UV-2550 spectrometer and Hitachi F-4500 uorescence spectrometer, respectively. SEM images were obtained with a eld emission SEM (JEOL 6700F, Japan). The reectance spectra of the CCs were measured employing a UV-Vis-NIR Spectrophotometer (Carry 5000, Varian). In order to explore the photonic stopband effect of the CCs on the FL spectra, FL spectra of allyl-FL doped CCs were measured by inltrating allyl-FL in the CCs with different photonic stopbands. Optical transmission and reection spectra of the embedded defects were evaluated by using Fourier transform infrared spectroscopy (FTIR, Bruker). A confocal laser scanning microscope (FV1000-IX 81, Olympus) was used to investigate the uorescent images of the embedded features.
Conclusions
In conclusion, we have investigated the optical properties of the embedded uorescent defects in poly(St-MMA-AA) CCs with different photonic stopbands. The embedded defects were incorporated inside the CCs via TPP of allyl-FL doped photoresist. By tuning the overlapping of uorescence of the dye and photonic stopbands of the CCs, inhibition and enhancement of the uorescence was observed for the embedded defects. The difference of the uorescent images was attributed to modication of the spontaneous emission of the dye molecules by employing the photonic stopband effect of the CC. The embedded defect is a promising platform for studying light-matter interaction in the CCs, and has potential applications in bio-imaging and miniature lasers.
